Objective To differentiate between visual cortical network topology changes following optic neuritis (ON) stemming from different inflammatory disease types, we used mathematical graph theory-based tools to analyze functional imaging data.
Following an MS episode, recovery involves the resolving of inflammation and remyelination. However, other processes, such as functional cortical network changes, may also have a role to play. 1 Whether such changes are driven by the specific neurologic deficit experienced by the patient or by the underlying disease pathophysiology and are they specific to certain regions are questions that remain unanswered.
The visual system is a suitable model to address this. Although optic neuritis (ON) is a shared neurologic deficit of both MS and neuromyelitis optica spectrum disorder (NMOSD), 2 distinct CNS inflammatory diseases, in patients with MS, the same underlying pathophysiology may or may not involve the optic nerve. 2, 3 NMOSD and MS differ in their pathophysiologic mechanisms: while in MS, demyelination is the primary damage mechanism; in NMOSD, it is secondary to astrocytopathy, and thus the damage is considered more severe. 4 Furthermore, as NMOSD is antibody mediated, it is more localized to regions containing the antibody target (aquaporin-4). 5 These differences in severity and damage distribution suggest that cortical network changes following ON may differ in the 2 disease types.
Moreover, our previous works have emphasized the importance of activity along the visual dorsal stream in patients with ON, 6 -10 but our works on connectivity have used wholenetwork resolution. 10, 11 Therefore, to examine whether there are specific connectivity changes within the visual network, we herein used graph theory methods, 12, 13 focusing on its regional measures to pinpoint which visual regions are more affected.
Methods
Participants Sixty-two patients were prospectively recruited into this crosssectional study at the NeuroCure Clinical Research Center, Charité-Universitätsmedizin Berlin, including 18 patients with ON in context of clinically isolated syndrome (CIS), 21 patients with CIS with nonvisual episodes (CIS-nonoptic neuritis [nON] ), and 23 patients with NMOSD and previous ON. Since enrollment in the study, 3 patients with CIS-ON and 5 patients with CIS-nON have been diagnosed with early relapsing-remitting MS according to the 2010 revised McDonald criteria. 14 Patients with NMOSD met the international consensus diagnostic criteria for NMOSD. 15 In addition, 26 healthy controls (HCs) were also recruited (table 1) . Data from these cohorts have been previously published. 10 , 16, 17 Standard protocol approvals, registrations, and patient consents The study was approved by the Charité-Universitätsmedizin Berlin ethics committee and was conducted in accordance with the Declaration of Helsinki. 18 Written informed consent was obtained for each participant.
Data acquisition and analysis MRI data were acquired on a 3T scanner (Magnetom Trio; Siemens, Erlangen, Germany) using a 12-channel head coil. Anatomic sequences included high-resolution T1-weighted images ( , matrix 240 × 240, 176 slices, slice thickness 1 mm) of all patients were checked and verified for T2 lesions by 3 expert raters under the supervision of a board-certified radiologist. Whole-brain segmentation and quantification of lesions of FLAIR images were performed using ITK-SNAP (itksnap. org). 19 Further lesion analysis was performed using the mrVista software package (VISTA Lab, Stanford University).
Resting-state functional MRI (RS-fMRI) measurements were obtained with an echo-planar imaging sequence (TR/TE = 2,250/30 ms, FOV = 218 × 218 mm 2 , matrix 64 × 64, 37 slices, slice thickness 3.4 mm, sequence duration 9 minutes). Subjects were instructed to lie still with their eyes closed. Functional imaging data preprocessing and analysis were performed using the BrainVoyager software package, version 20.6 (Brain Innovation). Data underwent slice scan time correction, motion correction, and high-pass temporal filtering by BrainVoyager default parameters to remove drift and improve the signal-tonoise ratio. Functional images were coregistered to the anatomic images using trilinear interpolation and transformed into Montreal Neurological Institute space. Each participant's scan was verified to include the entire brain, with particular attention to the occipital lobe. Each scan was manually checked for quality.
Network construction
Complex network analysis is based on graph theory, a mathematical approach to networks. Briefly, the method requires definition of brain regions as nodes and the search for connections, or edges, between those nodes. These connections, anatomic or functional, can then be thresholded and binarized into connectivity matrices, representing the existence or lack of connection between any 2 nodes in the network. From these matrices, various measures can be extracted to quantify network topology and organization (figure 1).
Glossary CIS = clinically isolated syndrome; EDSS = Expanded Disability Status Scale; FEF = frontal eye field; FLAIR = fluid-attenuated inversion recovery; HC = healthy control; NMOSD = neuromyelitis optica spectrum disorder; nON = nonoptic neuritis; ON = optic neuritis; ROI = region of interest; RS-fMRI = resting-state functional MRI.
Visual network node definition
As we focus in our studies on the visual system, visual network nodes were defined using the probabilistic atlas of Wang et al., 20 created in Montreal Neurological Institute space and used in visual system-related studies, [21] [22] [23] [24] which afforded us the level of detail we needed. The constructed networks included 50 regions of interest (ROIs) (25 per hemisphere, 8 ventraltemporal regions, 9 dorsal-lateral regions, and 8 parietal-frontal regions, figure 2A , table e-1A, links.lww.com/NXI/A207), each representing a node. Because of the variety in ROI sizes, wishing to minimize bias of variations in ROI size on estimates of connectivity and signal-to-noise ratio differences, the ROIs were arbitrarily constricted to a set size of 5 × 5 × 5 voxels, positioned at the center of each atlas-defined ROI. The specific size was set so that all constricted regions would be within the borders of their respective original ROIs.
Motor network node definition
In addition to the visual network, we wished to examine whether similar changes to those in the visual network of patients with ON may also be found in other networks in patients with corresponding CIS episodes. As many of the patients with CIS-nON have experienced motor symptoms, the motor network was also defined, based on the Harvard-Oxford cortical and subcortical structural atlas, included in FMRIB Software Library, 25 and on several motor network-related studies. [26] [27] [28] The constructed networks included 12 ROIs (6 per hemisphere, figure 2B , table e-1B, links.lww.com/NXI/ A207). The selected ROIs were pure motor regions to provide us with a clean cutoff between networks and participants and no overlap existed between the 2 networks used. ROIs were constricted to 125 voxels, as in the visual network. Because of the variety of CIS episodes included in the CIS-nON group, for the motor network analyses, we have further divided the CISnON group into patients with motor symptoms (CIS-nONmotor, n = 10) and with other nonmotor symptoms, mainly sensory (CIS-nON-other, n = 11).
Matrix preparation
The average RS-fMRI time course of all voxels within each ROI was extracted, and Pearson correlation coefficients, representing connectivity strength between regions, were calculated between each pair of ROIs in each hemisphere, resulting in two 25 × 25 hemispheric visual matrices for each subject and two 6 × 6 motor matrices. Each correlation matrix was thresholded and binarized at a range of correlation thresholds (0.1-0.5 for the visual network and 0.1-0.2 for the motor network, at increments of 0.05). The highest correlation threshold was set as the last threshold in which all subjects still had any connection between ROIs. Four patients with CIS-ON and 2 patients with CIS-nON did not have connections in the highest threshold of the motor network. Analyses have been performed with and without these patients, and no significant differences were found.
Network analysis
Both local and global network properties were studied using the MATLAB Brain Connectivity Toolbox. 12 Here, we briefly list the network analysis metrics chosen to characterize the networks. All parameters were integrated over the various thresholds used to create a single value for analysis. Graphs presenting the metrics used over the entire range of correlation thresholds are presented in figure e-1 (links.lww.com/ NXI/A207). It should be noted that most metrics chosen could not be used in the motor network because of the small number of regions used and the largely disconnected networks obtained.
Basic network topology analysis
To characterize the general structure of the network in the local (nodal) level, the nodal degree of the various ROIs was explored. The group mean degree of each given ROI was compared between groups to examine changes following ON and verify whether any region or subdivision of regions showed greater change. Network density, the proportion of existing connections in the network out of all possible connections, based on the entire network's degree, was also calculated and compared to examine the global network differences between groups.
Global network analysis
To examine the topological organization of the studied networks, 6 global network metrics were explored. Because this study explored only nodes within the visual system, we were interested in seeing whether small-worldness, a ubiquitous trait reported in brain networks, also exists within the visual network. To that end, we included 4 parameters used to calculate small-worldness-clustering coefficient C p , harmonic mean of shortest path lengths L p , and their normalized counterparts. These were defined as in references 29 and 30. A typical small-world network should exhibit γ > 1 and λ ≈ 1. The harmonic mean was chosen, rather than the more commonly used characteristic path length, because most of the networks in our study are at least partially disconnected and therefore have infinite characteristic path length. 31 To examine segregation and integration within the visual network, we first looked at the 2 efficiency metrics, the global and local efficiency parameters. Global efficiency is the reciprocal of the harmonic mean, thought to represent how efficiently information is exchanged within the network. Local (or nodal) efficiency is defined for the single node, localizing global efficiency effects to specific nodes, giving a measure of how well that region is integrated within the network. 32 To further examine segregation and integration, we also calculated modularity. 33 This measure of network segregation quantifies the degree to which the network may be subdivided into nonoverlapping groups of ROIs, which are densely interconnected within and sparsely connected without.
Statistical analysis
Data were examined for normality using QQ-plots and Shapiro-Wilk tests. The results variables were non-normally distributed, and thus, for univariate comparisons between groups, we used the Kruskal-Wallis test. To assess the independent effect of group designation on the result variables, after checking compliance with model assumptions, multivariate linear models were built using age, sex, and Expanded Disability Status Scale (EDSS) score as covariates. Statistical significance was assessed at p < 0.05 level. To control the false discovery rate, multiple comparison correction was performed using the Benjamini-Hochberg method. All calculations were performed using R version 3.5.1 (R Foundation for Statistical Computing, Vienna, Austria).
Data availability
The data sets generated for this study are available on request from the corresponding author.
Results
Research cohort characteristics A summary of demographic and clinical measures is presented in table 1. Differences were found in age, disease duration, and EDSS score between the 2 CIS groups and the HC and NMOSD groups (p < 0.01 for all comparisons). Male/female ratios were also different between those groups. Therefore, age, sex, and EDSS score were added as covariates to all analyses and were found to have no effect on the results. Disease duration was not included as a covariate because it was highly correlated with age of patients (p = 0.007). Visual acuity did not significantly differ between any of the groups and therefore was not included as covariate, either.
No significant differences were found in lesion number, volume, or specific location in the 3 patient groups. No significant differences were found between hemispheres in any of the metrics. However, significant results between groups were more pronounced in the left hemisphere, and therefore, only these results are presented. For the motor network, significant results were found only in the right hemisphere, and those are the results presented. Results for the unpresented hemispheres can be seen in the supplemental materials (links.lww.com/NXI/A207).
Visual network results

Small-worldness apparent in visual networks
By the criteria defined for small-worldness, the healthy visual network appears to display a small-world structure. All the participants in the HC group have shown properties within the criteria (λ values were nearly 1 in all participants and thresholds; γ values were mostly higher than 1, barring a few inconsistent exceptions). The same was shown in the patient groups, excluding 1 patient with CIS-ON and 1 patient with CIS-nON who failed to meet the γ > 1 criterion. To verify whether this deviation from criteria somehow influences our group results, analyses were performed with and without these patients, and no significant differences were found, so both were included in the results. The small-world criteria curves for each group are presented in figure e-2 (links.lww.com/NXI/A207). Figure 3 presents a visualization of the visual network for the 4 groups. The normal network displayed by the HC cohort (figure 3A) appears to be more connected than all 3 patient groups ( figure 3 , B-D) in all 3 region subdivisions (ventraltemporal in red, dorsal-lateral in blue, and parietal-frontal in green). The NMOSD group (figure 3B) and the CIS-ON group (figure 3C) are quite similar in appearance and better connected than the CIS-nON group (figure 3D), which displays the highest disconnection.
Basic network topology patterns
This connectivity pattern, according to which: HCs > NMOSD ; CIS-ON > CIS-nON, is seen globally using the density metric. HC density (0.28 ± 0.09) is higher than CIS-nON density (0.19 ± 0.1, p = 0.0009), and it is higher, though not significantly so, than the density of the CIS-ON group (0.22 ± 0.1, p = 0.05). The NMOSD group (0.24 ± 0.1) density was higher than that of the CIS-nON group, but not significantly so (p = 0.06). No significant differences were found between the CIS-ON and NMOSD groups or between the NMOSD and HC groups.
The mean degree of the HC group was significantly higher than that of the CIS-nON group in all visual regions, although not all survived multiple comparison correction. Most surviving comparisons were in low-order and dorsal-lateral regions (lower-ventral: V1v and V2v; lower-dorsal: V1d, V2d, and V3d; dorsal-lateral: MST, hMT, and V3b; frontal-parietal: IPS0, IPS1, and IPS2).
In addition, the pattern found using the density metric, by which HCs > NMOSD ; CIS-ON > CIS-nON, exists mostly in the dorsal-lateral region subdivision. The ventral-temporal subdivision (excluding the very early regions, V1v and V2v) generally shows no significant differences between groups. The parietal-frontal subdivision shows either no significant differences between groups at all (IPS3, IPS4, and IPS5) or a pattern where the 2 CIS groups show no difference between them but lower mean degree than both the HC and NMOSD groups (SPL1, frontal eye field [FEF], p = 0.06). Figure 4 shows an example from each subdivision, displaying the emerging patterns. The average degrees for each ROI can be found in table e-2 (links.lww.com/NXI/A207).
Network segregation and integration patterns
All segregation and integration metrics reveal connectivity differences unlike those for the basic network topology, showing a pattern by which HC ; NMOSD > CIS-ON ; CIS-nON. This is in contrast to the basic topology pattern (achieved using the degree and density metrics), which highlighted the similarity in topology in different diseases sharing the same neurologic deficit (HC > NMOSD ; CIS-ON > CIS-nON).
Modularity results (figure 5A) show differences between the HC and CIS-nON groups (0.39 ± 0.05 and 0.3 ± 0.08, respectively, p = 0.004), as well as between the NMOSD (0.37 ± 0.05) and CIS-nON groups (p = 0.016), but no significant differences between the HC and NMOSD groups. The modularity result of the CIS-ON group (0.33 ± 0.09) is not significantly different from any of the other groups but is quantitatively closer to the CIS-nON group.
The harmonized mean of the characteristic path length (figure 5B) shows a difference between the HC and CIS-nON groups (0.75 ± 0.44 and 2.56 ± 2.91, respectively, p = 0.01). Although the difference between the CIS-nON and NMOSD groups (0.83 ± 0.37, p = 0.087) is not significant, the NMOSD group displays a shorter path length. The harmonized mean of the CIS-ON group (2.11 ± 2.79) was not significantly different from any of the groups, and no significant difference was found between the HC and NMOSD groups. 
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-ventral-temporal (red), dorsal-lateral (blue), and parietalfrontal (green). The size of nodes reflects the relative degree of a given region in the network. Disconnected regions are presented using an arbitrarily selected size for visualization purposes. Visualization created using reference 55. CIS = clinically isolated syndrome; NMOSD = neuromyelitis optica spectrum disorder; nON = nonoptic neuritis; ON = optic neuritis.
Similarly, global efficiency (figure 5C) shows change between the HC and CIS-nON groups (0.35 and 0.25, respectively, p = 0.008). Again, no significant difference was found between the NMOSD (0.31) and CIS-nON groups (p = 0.093), but the NMOSD group quantitatively shows higher efficiency. The CIS-ON group once again shows no significant differences (0.28) from any group, but is between the NMOSD and CIS-nON groups in terms of global efficiency.
Local efficiency showed similar results with differences found between the CIS-nON group and the HC and NMOSD groups, though mostly in high-order regions, particularly in the dorsal-lateral and parietal-frontal region subdivisions (lowerventral: V1v, CIS-nON vs HCs only; lower-dorsal: V3d; dorsallateral: MST, hMT, V3a CIS-nON vs HCs only, LO1, LO2, V3b CIS-nON vs HCs and NMOSD; frontal-parietal: IPS3, IPS4, IPS5, SPL1 vs HCs only, IPS2, FEF vs HCs and NMOSD; regions V3b, IPS3, IPS5 have also shown significant differences between HCs and CIS-ON). Details on local efficiency for each ROI can be seen in table e-3 (links.lww.com/ NXI/A207).
Motor network results
Differences between groups were found using the degree metric in the motor putamen, between the HC group, which was most connected (0.54), and all patient groups (CIS-ON, 0.28; CIS-nON-motor, 0.225; CIS-nON-other 0.28; p < 0.01 for all) except for the NMOSD group (0.38; p = 0.1 after multiple comparison correction). No significant differences were found between any patient groups.
In the pars opercularis (inferior frontal gyrus-pars opercularis), differences were found between the CIS-nON-motor group (0.25) and the HC (0.57; p = 0.004) and NMOSD (0.49; p = 0.03) groups. Density and global efficiency metrics also show differences between the HC group and the CIS-nON- 
Discussion
In this study, we addressed visual cortical network patterns in inflammatory diseases following ON. To that end, we included 2 prototypic autoimmune CNS diseases with distinct underlying pathophysiology, MS and NMOSD. 34, 35 These diseases both share visual dysfunction caused by ON as clinical commonality. Through these 2 disease types, we have attempted to discover whether changes to the visual system following ON are driven just by the specific neurologic visual deficit or also by the underlying pathophysiology. We used graph analysis methods to investigate topological and local changes in resting-state visual networks of patients in those 2 disease groups, further dividing the MS group into patients with and without ON.
Our main findings showed 2 distinct patterns of change in the visual networks of the patient groups. First, the highly connected normal visual network is affected in all 3 disease groups, showing reduced density and changes in topology. These differences from HCs, however, are most pronounced in the CIS-nON group. The 2 ON groups (NMOSD and CIS-ON) showed remarkably similar results in density and degree distribution, particularly in lower and dorsal-lateral regions, both higher than those of patients with CIS-nON. This suggests changes unique to the directly affected system (visual input). We cautiously suggest that these changes may reflect an attempt to compensate for the damage incurred, lasting even when the underlying pathology has existed for years, considering the relatively long disease durations displayed by the NMOSD compared with the CIS-ON group.
Second, measures of network segregation and integration, defining efficiency of information transfer and local structure, showed similarity between the MS-background groups (CIS-ON and CIS-nON), whereas the NMOSD group showed results closer to those of the HCs. This suggests that network segregation and integration may be more affected by type of underlying pathophysiology, rather than the specific neurologic deficit.
The question of whether cortical reorganization plays a role in recovery from ON has long been discussed. Early studies focused mainly on cortical activity patterns in response to visual tasks presented to the affected eye. Some studies have suggested that adaptive cortical plasticity following ON involves increased activity in higher visual areas, assisting in overcoming visual insult. [36] [37] [38] [39] However, later studies suggested that cortical activation reflects the visual percept rather than demonstrates plasticity. 8 In recent years, the importance of considering cortical networks rather than regional activity has emerged. Functional connectivity, assessing the synchronized fluctuations in the fMRI signal between regions, has shown sensitivity to neurologic damage and so it was suggested that connectivity rather than activity may play a role in clinical outcome. However, as this is a cross-sectional study, and no clinical measures were included, this remains hypothetical.
In MS and NMOSD, much emphasis has been given to changes in functional connectivity in sensorimotor networks. Functional connectivity within the motor network was found to reflect motor function 40 and to change in response to rehabilitative intervention 41 in patients with MS. Whether such changes reflect compensatory mechanisms or loss of function is still a matter of debate. 42, 43 It has been suggested that the interpretation of such observations depends on lesion load and disease duration. 44 Our motor network results show no compensatory changes in the subgroup of nON patients with motor symptoms. On the contrary, specific clinical motor involvement resulted in reduced connectivity within the motor cortex. These results are particularly prominent in view of the opposite results obtained in the visual network, where the relevant neurologic deficit seemed to be associated with elevated connectivity. We suggest that this may be the result of lesions located close to motor regions compared with the more peripheral damage sustained through ON, causing greater direct damage to the system. Another piece of evidence supporting this suggestion is the denser motor network seen in the NMOSD group, who almost all had myelitis in addition to ON (19 of 23 patients). This finding may be the motor network's equivalent of response to distant damage. However, because of the small numbers of patients included in the nonmotor subgroup and of patients with nonmyelitis NMOSD, these speculations should be taken with caution.
Although much attention has been given to the motor networks in recent years, the visual system has received less attention, usually as a small part of a wider study. 43, 45 A study focusing on the visual system of patients with NMOSD and previous ON has shown increase in the functional connectivity of the primary visual network compared with those without ON. 11 These findings were also associated with greater retinal damage and reduced visual acuity, suggesting an attempt at cortical reorganization. Similar findings were seen in our previous work, showing an increase in visual network connectivity in patients with CIS-ON compared with CIS-nON. 10 A MEG/ OCT study of the visual system in patients with MS has succeeded in differentiating between patients with and without ON based on a unique pattern of connectivity that specifically involves the visual system. 46 These studies mostly focus on the neurologic deficit as the driving force behind the effects observed in MS and NMOSD connectivity and are congruent with the general connectivity patterns presented in our current study.
However, another cause for connectivity change may be the specific type of disease. Very few studies have tried to compare connectivity between these 2 similar, yet dissimilar, disease groups. Of these, one has studied the functional and structural connectivity of the thalamus, finding structural changes in both diseases but functional disconnection only in MS. 47 Another study used a wide array of tests to differentiate between the 2 disease types, showing that the top 2 modalities useful in this were white matter lesion load and functional connectivity. 48 In our results, the white matter lesion element appears negligible because both groups exhibit similar lesion number and volume, and even lesion distribution was not localized in any of the groups. And yet, the segregation and integration patterns of the functional visual network differed between MS and NMOSD, with those of the latter more closely resembling that of HCs. We suggest that this marked difference may stem from differences in normal-appearing white matter. Diffusion tensor imaging studies have shown diffusion abnormalities in both disease types, but patients with MS display widespread and more severe degree of abnormality. [49] [50] [51] This may explain the difference in the segregation and integration properties of functional connectivity between the 2 groups.
The use of graph-based analysis has enabled us to explore both these driving forces of connectivity alterations, the specific neurologic deficit and the disease type itself, that appear to be associated with different types of change. Another advantage of this method is its ability to examine connectivity not only in a holistic manner. In a work from 2015, the advantage of graph-based analysis in MS was presented. Although emphasis was on cognitive changes, it was suggested that graph theory should be used to overcome the simplistic and incomplete interpretations of previous methods. 52 Work on functional connectivity of the visual network in MS over the years has mainly examined the network as a single entity, using independent component analysis 10, 53 or seed-region analysis. 54 However, the introduction of graph theory methods 12 has opened new possibilities in studying the affected network. In MS, the different works report both decreased global connectivity attributed to disease course and adaptation patterns with increased local connectivity and modularity. 13 Our current findings, highlighting reorganization in dorsal-lateral regions, known to be involved in dynamic perception processes, are consistent with our previous works that emphasized persistent motion perception impairment following ON. 7, 8 Based on our previous works in the field, we suggest that the dorsal stream-specific increase in connectivity in our current study may be part of a recovery process involving functional modifications. Because both ON groups exhibit such a pattern, this supports the notion that the neurologic deficit elicits these changes. As this is a cross-sectional study, this remains only a suggestion.
This study has several limitations. First, graph theory methods are often used on larger subject groups. However, the significance of the results and their consistency with our previous findings convince us that our current findings are true. Second, the differences in age in all groups and in disease duration between the disease groups are problematic, but these measures were factored into the various analyses and had no significant influence on the results. Third, our assumptions regarding the existence of compensatory mechanisms are based on the patterns emerging and former findings of our research. Further light could have been shed on the matter, had behavioral measures been included, as well as a longitudinal design. It should be further noted that this study analyzed only functional connections within the visual system, without the added information that could have been gleaned from the complementing structural connectome, limiting the ability to disentangle compensatory changes from structural damage. Furthermore, although the differences between groups may indeed be interpreted as reorganizational changes of the visual network in response to damage, they may also reflect differential level of damage between individuals. This issue should be further investigated using a different study design because it could not be covered under the scope of the current study.
To conclude, the visual network, highly connected in HCs, is made less connected by disease, be it MS or NMOSD. However, a higher degree of connections was observed in the ON groups (CIS-ON and NMOSD) compared with the nON group. This suggests that the system responds to specific damage caused to the anterior visual pathway, bringing connectivity closer to that of a normal network, regardless of disease type. On the other hand, network segregation and integration and the efficiency of information transfer appear more affected by disease type, altered in the MS groups, but not in NMOSD, particularly in higher regions. Therefore, we suggest that the response to damage is dependent on the type of neurologic deficit within the limitations of the underlying pathophysiology. Publication history
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